Abstract-Low-power analog driver based on a single-stage amplifier with an embedded current-detection slew-rate enhancement (SRE) circuit is presented. By developing a systematic way to design both the response time and optimal sizing of driving transistors in the SRE circuit, the SRE circuit can be controlled to turn on or turn off properly. In addition, the analog driver only dissipates low static power and its transient responses are significantly improved without transient overshoot when driving large capacitive loads. Implemented in a 0.6-m CMOS process, a current-mirror amplifier with the current-detection SRE circuit has achieved over 43 times improvement in both slew rate and 1% settling time when driving a 470-pF load capacitor. When the proposed analog driver is employed in a 50-mA CMOS low-dropout regulator (LDO), the resultant load transient response of the LDO has 2-fold improvement for the maximum load-current change, while the total quiescent current is only increased by less than 3%.
I. INTRODUCTION

I
N RECENT years, low-dropout linear regulators (LDOs) are widely used in the portable battery-powered electronic devices as LDOs can convert decaying battery voltages to lownoise and accurate voltages for noise-sensitive systems. Since integrated CMOS LDOs only occupy small chip area, they are also adopted to power up sub-blocks of a system individually in the system-on-a-chip designs in order to tackle the crosstalk problem [1] . Both board space and external pins can be minimized. The design of high-performance CMOS LDO is thus necessary.
In LDO design, large gate capacitance of power transistor degrades the loop-gain bandwidth and the slew rate at the gate drive of the LDO in low-power condition [2] , [3] . Both low quiescent current and fast load transient response, therefore, cannot be achieved simultaneously by using the generic LDO structure. To address this problem, a voltage buffer/driver can be inserted Manuscript received May 10, 2004 between the error amplifier and the power transistor. The voltage buffer should improve both the loop-gain bandwidth and slew rate at the gate drive of the power transistor, while the buffer dissipates small quiescent current in the static state [2] , [4] . However, it is difficult to realize a good voltage buffer to meet the requirements perfectly in practice. This paper presents a new current-efficient analog driver for the CMOS LDO. The proposed analog driver is implemented by a single-stage amplifier (core amplifier) in noninverting unitygain configuration with an embedded slew-rate enhancement (SRE) circuit as shown in Fig. 1 . The paper is organized as follows. Section II addresses the design considerations of the proposed analog driver. Operating principle, systematic design method and circuit implementation of the current-detection SRE are discussed in Section III. Results of the analog driver and its application to LDO are shown in Section IV to justify the functionality of the proposed analog driver. Finally, conclusions are given in Section V.
II. DESIGN CONSIDERATIONS OF PROPOSED ANALOG DRIVER
In the analog driver, the open-loop low-frequency gain of the core amplifier is over 70 dB. With the unity-gain feedback configuration, the output resistance of the analog driver is reduced by its open-loop gain. The parasitic pole at the gate drive of the power transistor is then shifted to a higher frequency, thereby improving the loop-gain bandwidth of the LDO. The load-transient response of the LDO is originally limited by the slew rate at the gate drive of the power transistor, which is now improved by the embedded SRE circuit in the proposed analog driver. The SRE circuit only provides the dynamic current to charge and discharge the gate capacitance of the power transistor during transient, and is completely turned off in the static state. Consequently, the quiescent current of the analog driver is minimized, while the slew rate at the gate drive can still be enhanced. In short, the load-transient response and amount of quiescent-current dissipation of the LDO are determined by the performance of the SRE circuit.
The SRE circuit consists of a sensing and driving circuit. From the previous research work, different SRE circuits have been developed based on different sensing and driving circuits [5] - [9] . However, larger loading capacitance due to the additional structures and high dynamic current at input stage are problems in the existing methods. Therefore, a current-detection SRE circuit is adopted in the proposed analog driver [11] . Fig. 2 shows the conceptual block diagram of the analog driver with the current-detection SRE circuit. Structurally, the SRE circuit is connected in parallel to the core amplifier and serves as a plug-in module. The proposed concept is similar to that of the slew-rate dependent boost circuit in [12] . In the proposed circuit, the sensing circuit detects the changes in the current signal at the active load of the core amplifier such that the sensing circuit does not increase the loading of the error amplifier in the LDO. The driving circuit of the SRE circuit only applies the dynamic transient current to the output of the core amplifier to enhance the design flexibility of the core amplifier. The driving circuit also does not consume any static current. In addition, the implementation of the proposed SRE circuit has better gate-drive capability of the power transistor than that of [12] at low supply voltage if no low-threshold devices and forward bulk-biasing scheme are adopted. The detailed operating principle of the current-detection SRE is presented in Section III. Systematic ways to design the response time for turning on and turning off the driving circuit, and the optimal sizing of the drive transistors for supplying sufficient dynamic current to the gate drive of the power transistor will also be developed to maximize the dynamic current for improving the load-transient response of the LDO. Fig. 3 shows the current-detection SRE circuit for the current-mirror amplifier, in which transistors and represent the active load of the current-mirror amplifier, -are sensing transistors, and transistors -, and form the driving circuit. In particular, , , and are responsible for charging the capacitive load while , , and are responsible for discharging the load. In the static state, transistors and ( and ) are designed such that if both transistors operate in the saturation region, their drain currents equal to and ( and ), respectively, and . The dc current and is given by and (1) From (1), operates in the triode region such that the voltage at node is pulled up (down) to the positive (negative) supply voltage. Both drive transistors and are off.
III. CURRENT-DETECTION SRE CIRCUITS
A. Principle of Operation
When the amplifier is connected in unity-gain feedback configuration, a positive input voltage step at the input of the main amplifier leads to an increase in and . When is greater than , the voltage at node decreases and causes to be heavily turned on. As a result, a large dynamic current is produced to charge up the load capacitance. When the output voltage reaches approximately the final value, decreases and causes to shut off. Similarly, the transistor can be controlled to discharge the load capacitance during the negative slewing period.
B. Response Time of SRE Circuit
The response time of the SRE circuit is determined by the time required to turn on or turn off the drive transistors and when a signal is applied at the input of the main amplifier. It is noted that the minimum signal amplitude to trigger the SRE circuit is . During the positive (negative) output slewing, transistor is in the saturation region and provides a constant current to discharge (charge) the parasitic capacitance at node from the voltage of to in order to turn on . Therefore, the response time and of the SRE circuit for positive and negative slewing periods is approximately given by for positive slewing (2) for negative slewing (3) where is the transconductance of the input differential pair of the main amplifier, is the overdrive voltage of MOS transistor, and and are transistor ratios given by and (4)
Equations (2) and (3) show that the response time increases with the value of and . Increasing the sizes of transistors and thus slows down the response time of the SRE circuit.
C. Optimal Sizing of Drive Transistors
The size of drive transistors and is critical for controlling the amount of dynamic currents to charge and discharge the load capacitance. These currents then directly affect the maximum attainable slew rate. For a given slew rate SR and a loading capacitor , assume that: 1) both and are in saturation regions with constant dynamic current during the positive and negative output slewing periods, respectively and 2) the channel length modulation of and is neglected. It can be demonstrated that the lower bounds of the size of and are given by
Equations (5) and (6) indicate that in order to increase the slew rate for a particular load capacitance, device size of driving transistors should be increased. However, if drive transistors are too large, then the increase in the parasitic capacitance at nodes and can degrade the response time of the SRE circuit implied by (2) and (3). The maximum value of the size of drive transistors must be found by taking both the response time and the slewing period of the SRE circuit into consideration. The slewing period is defined as the time required for the output voltage changing from the initial voltage level to 90% of the final output voltage level. The response time is then set to 10% of the slewing period in order to allow the SRE circuit to shut down properly and give a reasonable settling time of the amplifier. As the output voltage of the main amplifier is changing and drive transistors and can be in different operating regions during transient, the upper bound of the size of and is found to depend on the lowest voltage level , and the highest voltage level of the voltage step , where . Suppose with V and V, the transistor then operates in the triode region during the positive slewing period, as the output voltage is of the amplifier is and . Therefore, the upper bound of the size of is given by (7) where . During the negative slewing period, the transistor will operate in the saturation region when and in the triode region when . Therefore, the upper bound of the size of is given by (8) where
. The detailed derivations of (7) and (8) (5)- (8), the optimal size of drive transistors and should be set within the range given by (9) (10)
D. Simulation Results
Simulation using Bsim3v3 model of AMS (Austria Miko Systeme International AG, Austria) 0.6-m CMOS process have been carried out to verify the functionality of the current-detection SRE circuit. The circuit schematic of analog driver is shown in Fig. 3 in which all biasing voltages of the amplifier are generated by wide-swing cascode current mirrors [13] . Fig. 4 shows the simulation results of ac responses of the core amplifier with and without the current-detection SRE circuit driving a load capacitance of 470 pF. Since poles and zeros from the analog driver potentially degrade LDO stability, small transistor sizes are used in the analog driver to minimize parasitic capacitances that generate parasitic poles and zeros. As both drive transistors and are off in the overall amplifier during the static state, there is almost no difference between the ac responses of the amplifier with and without the SRE circuit. It is confirmed that the SRE circuit does not affect the ac responses of the core amplifier.
IV. RESULTS AND DISCUSSIONS
Implemented in AMS 0.6-m CMOS process, the micrograph of the current-mirror amplifier with the current-detection SRE circuit is shown in Fig. 5 . The SRE circuit occupies less than 25% of the total chip area of amplifier.
The measurements on small-signal ac responses and large-signal transient responses of the overall amplifier have been carried out by loading the output of the amplifier with load capacitance of 470 pF and 1 nF. The transient responses have been measured when the overall amplifier is in the unity gain noninverting configuration to test the functionality of the analog driver. The measured transient responses of the overall amplifier shown in Fig. 6 indicate that the amplifier does not have significant transient overshoot even if the load capacitance is changed by more than two times. This implies that the SRE circuit in the current-mirror amplifier is properly shut down before the end of the slewing periods. This justifies the sizing conditions of drive transistors and shown in 1) Slew rate and 1% settling time were measured in unity-gain noninverting configuration with a 1-V step input . 2) indicates simulation results. (9) and (10) . The detailed performance of the overall amplifier is summarized in Table I .
Comparing the performance of amplifiers with and without the SRE circuit driving a 470-pF load based on data in Table I , the average slew rate of the current-mirror amplifier shows improvement by 43 times and 1% settling time by 44 times when the SRE circuit is used. The SRE circuit only consumes 27.3% additional static current. Therefore, with the use of current-detection SRE circuit in the core amplifier, significant improvement in transient responses can be achieved in low-power condition.
When the overall amplifier is served as the analog driver and then adopted to the LDO according to the structure of Fig. 1 , the load-transient response of the LDO is improved by 2.3 times with 50 mA output-current change as shown in Fig. 7 . The static current of the LDO with the analog driver is only increased by less than 3%. The improvement of the load-transient response of the LDO is mainly due to the extra dynamic current provided by the proposed SRE circuit to reduce the output-voltage excursion during transient. In addition, the pole located at the output of the proposed analog driver will be shifted to a higher frequency due to the turn on of either drive transistor Mp or Mn during transient, thereby improving the bandwidth of the LDO. It is thus verified that the proper design of the current-detection SRE circuit can enhance the load transient response of the LDO in low-quiescent-current condition.
V. CONCLUSION
This paper addresses the design of a low-power analog driver implemented by the current-mirror amplifier with a current-detection SRE circuit. Systematic design techniques of the SRE circuit are discussed to ensure that the driving transistors provide sufficient dynamic current to charge the load capacitance during transient and to shut off in the static state. The static current consumption of the analog driver can thus be minimized. The SRE circuit also does not affect the ac responses of the core amplifier due to its plug-in feature. When the current-mirror amplifier with the SRE circuit is utilized as the analog driver in the LDO, the load-transient response of the LDO achieves 2-fold improvement with less than 3% increase in the current consumption. Therefore, the proposed analog driver using the current-detection SRE circuit is effective in driving large capacitive loads under low-power condition. The proposed analog driver can also extend to other large-capacitive-load applications such as column buffers in flat-panel displays and switched-capacitor power converters for performance enhancements.
APPENDIX
This appendix provides the detailed derivations of (7) and (8) shown in Section III-C. The derivations are based on the particular example:
V, V and V. As indicated in Section III-C, the transistor Mp always operates in the triode region during the positive output slewing period. The slewing period, is determined by the time required to charge the loading capacitor with the output voltage changing from to . Then, is given by (11) where . In addition, the response time of is related to the slewing period by (12) By substituting (2) and (11) into (12), the upper bound of the size of can be found and is given in (7).
During the negative output slewing period, the transistor operates in the saturation region when and , and in the triode region when . The slewing period of , , can thus be considered to be the time required to discharge the load capacitance from to and is given by (13) where . In addition, the response time of is related to the slewing period by
By substituting (3) and (13) into (14), the upper bound of the size of is found and given by (8) .
